The purpose of our study was to determine whether rhamnazin inhibits corneal neovascularization in the rat alkali burn model, and alleviates the inflammatory response of the cornea. Rhamnazin inhibited the proliferation of HUVEC cells in a dose-dependent manner, and it also inhibited the migration and luminal formation of HUVEC cells. 20 mM rhamnazin eye drops were applied to an animal model of corneal alkali burn neovascularization 4 times a day for 14 days. The corneal neovascularization in the rhamnazin group was obviously less than that in the PBS control group. In the rhamnazin group, the inflammatory index of the cornea decreased gradually over time, whereas the inflammatory index of the PBS group decreased only slightly with time. The corneal CNV area in the PBS group was significantly larger than that in the rhamnazin group. The expression level of VEGF protein of the rhamnazin group was lower than that in the PBS group, and the expression level of PEDF was significantly higher than that of the PBS group. Rhamnazin downregulated the expression of VEGFR2 protein and decreased the expression levels of p-STAT3, p-MAPK and p-Akt proteins. This study provides a new idea for the study of the molecular mechanism of corneal neovascularization.
Introduction
According to the WHO report, corneal disease is the third leading cause of blindness, causing serious damage to the visual quality of life of patients; however, its mechanism of occurrence, pathology, and treatment, as well as other aspects, have not been completely claried. 1 The main causes of blindness in corneal diseases are corneal vascularization and corneal scarring. Corneal neovascularization (CNV) is the result of many pathological changes in the cornea, which can be secondary to many other corneal diseases; trachoma and infection are the major causes of CNV. CNV is oen associated with keratitis and lymphangiogenesis. This can lead to rejection during corneal transplantation, which severely affects vision recovery in patients. 2 Therefore, the search for new and effective therapeutic agents is a hot spot in the study of corneal neovascularization.
Rhamnazin, one of the polyphenolic compounds, is oen extracted from Ginkgo biloba, Salix, sea buckthorn and other medicinal plants. It is similar to natural products of quercetin and present in the owers, fruits and leaves of many other plants. 1 Studies have found that rhamnazin helps in protecting cardiovasculature, antioxidation, and immune regulation. 7 It has also been found to have antitumor, antiviral, antiinammatory, and anti-allergic functions, as well as other biological activities. It is widely used in the treatment of all kinds of cardiovascular diseases and tumors, such as gastric cancer, cervical cancer, nasopharyngeal carcinoma and lung cancer.
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However, the research on rhamnazin is focused on its antitumor activity, and there is no study on its role in ocular diseases, especially in corneal neovascularization. The purpose of this study is to investigate the effect of rhamnazin on corneal neovascularization induced by alkali burn.
The alkali burn animal model, an inammatory model, is an important method to study the pathogenesis and treatment of inammatory neovascularization. 8 This study performed an in vitro cell experiment to observe the effects of different concentrations of rhamnazin on HUVEC cell proliferation, migration and tube formation. Meanwhile, alkali burn neovascularization rat models were used to study the effect of rhamnazin on corneal neovascularization in the prevention and treatment of inammation in rats. Through research on the mechanism of rhamnazin on corneal neovascularization and inammation control, we expected to fundamentally solve the two key problems, i.e. the difficulties of corneal repair aer operation and immune rejection reaction. It is a new way in the treatment of corneal blindness and inammation. Through this study, we can not only explain the progression and pathological mechanism of corneal neovascularization, but also help nd effective drugs for anti-angiogenesis and inammation, explore its optimal concentration, and evaluate the drug effects and prognosis, therefore providing information for treatment of corneal allogra rejection. The successful development of this medicine will provide a good treatment for most ocular neovascular diseases, and become a breakthrough point of ophthalmology.
From the current limited research data and our previous work, we can foresee that research of rhamnazin in the eld of inammation will open up a new direction of medical research. So far rhamnazin's function and the relationship are not clear, making it necessary to study the gene expression regulation and biological function in detail. Therefore, it is of great signicance and application prospect to carry out further and detailed analysis for a new drug for inhibiting inam-mation. The blindness caused by keratitis corneal damage is a common disease in the process of Chinese industrialization. Inammatory pathogenesis is extremely complex. Study of the mechanisms of keratitis provides an important theoretical basis for new drug targets, and is expected to solve several key problems of postoperative neovascularization and inamma-tion rejection reaction. It is a new way in the treatment of corneal blindness, and has wide application in clinics. In addition, these will provide the theoretical reference and valuable direction of clinical treatment on other inammation and neovascularization-related diseases such as cancer, diabetes and rheumatoid arthritis.
Materials and methods
Cell culture and rhamnazin preparation HUVEC cells were purchased from PromoCell (Heidelberg, Germany) and cultured in EBM2 medium containing 2% fetal bovine serum and endothelial cell growth supplement (PromoCell) at 37 C. Cell growth was observed by inverted microscope. The logarithmic phase endothelial cells were used during the experiment. Rhamnazin (98%, Sigma-Aldrich, St. Louis, MO) was dissolved in DMSO to prepare required concentration.
Cell viability assay
Cell viability was examined by CCK-8 kits. Briey, HUVEC cells grown in logarithmic phase were inoculated in 96 well plates at 37 C, with a density of 5 Â 10 3 cells per well. Aer the overnight incubation, a nal concentration of 0.1 mM, 0.5 mM, 1 mM, 2 mM, 5 mM, 10 mM and 20 mM rhamnazin were added to the medium. The control group was treated with culture medium. Each group contained ve replicates. 72 hours later, 10 ml cell proliferation and cytotoxicity test CCK-8 solution was added to each well and cultured for an additional 4 hours at 37 C. Optic density at the wavelength of 450 nm was read by a microplate reader.
Wound closure assay
There were 1 Â 10 5 HUVEC cells in the logarithmic growth phase per well, seeded in 24 gelatin-coated wells for overnight culture at 37 C. A 200 ml sterile pipette tip was used to draw scratches in the vertical direction, resulting in the horizontal interval of 2 mm scratches. Cells were treated with PBS, 5 mM and 20 mM rhamnazin and photographed at 0 h, 12 h and 24 h time points. The experiment was repeated 3 times.
Tube formation assay
24-well plates were coated with Matrigel basement membrane matrix (BD, Bioscience) in 37 degrees for 1 hour, and 10 000 HUVEC cells per well in growth factor-free EBM2 medium with 0.1% FBS were added. Cells were then incubated for 6 hours at 37 C with PBS, 5 mM and rhamnazin (20 mM). Tube structures formed in the cavity of the articial basement membrane were photographed under the inverted microscope. At least 5 areas for each well were selected for photograph. The total length of the lumen was the average value of 5 random elds of view at 100Â magnication. The HUVEC branched out structure was quantied by ImageJ soware.
Alkali-burned rat corneas and treatment
We have obtained ethics approval from Nanchang Royo Biotech corporation animals ethics committee. 60 healthy adult male SD rats weighing 180-200 g were used in the study (Shanghai, Shilaike, Laboratory, Animal, Co, Ltd., Shanghai, China). General anesthesia was induced by intraperitoneal injection of pentobarbital (40 mg kg À1 ), then the right eye was used as the experimental eye, and the le eye as the control eye. Eye drops of tetracaine were used as corneal surface anesthetics. Standard 3.5 mm diameter single circular lter paper was soaked in 1 M sodium hydroxide solution for 20 s, and excess liquid was absorbed. Under the microscope, the lter paper was pasted on the right central corneal surface for 30 s. Aer removing the lter paper, eyes were immediately ushed with 10 ml PBS solution.
Aer the establishment of the alkali burn model, the animals were randomly divided into two groups, with 30 rats in each group. One group received 10 ml topical PBS eye drops aer alkali burn, 4 times a day, continuously for 14 days. The other group was treated with 10 ml 20 mM rhamnazin dissolved in PBS eye drops, 4 times a day, continuously for 14 days. The eyes of the rats were observed and evaluated by slit lamp microscope at 0, 1, 4, 7, 10 and 14 days aer eye drops. Corneal neovascularization, inammatory response, and corneal epithelial damage were evaluated. 14 days later, the animals were euthanized and the corneas were removed from the experimental animals and preserved in the À80 C refrigerator for later histological detection and protein extraction.
Slit-lamp microscopic observation
Aer establishing the alkali burn rat model, the ocular surface was stained with 1% sodium uorescein. The injury of corneal epithelium in rats was observed under a cobalt blue light slit lamp microscopy, and through the image-processing soware for image acquisition and processing. The growth of corneal neovascularization was examined daily, and the lengths of new vessels (length of continuous and with few bending new vessels tangent of corneal vertical prevail) were measured. Calculation of the neovascularization area was based on the formula
, where S is corneal neovascularization growth area, C is the circumference of corneal neovascularization network, r is the corneal radius, and I is the new blood vessel length. The inammatory index was analyzed as previously described.
Histology analysis
The rat eyes were xed in 4% paraformaldehyde, dehydrated by gradient alcohol, processed by xylene and embedded in paraffin. Serial sections were made along the anterior and posterior diameters of the eyeball, with a thickness of 6 mm and placed on a slide pretreated with poly-lysine. Aer deparaffinization, slides were stained with conventional hematoxylin and eosin, and the image was acquired under light microscopy.
Western blot assay
The corneal tissue was lysed in ice-cold RIPA buffer with protease inhibitors, and homogenized by ultrasound. Protein concentration was determined by BCA method. The same amounts of protein were subjected to SDS-PAGE electrophoresis, and transferred to PVDF. The membrane was blocked with 2% BSA for 1 h, and blotted with primary antibodies against p-VEGF2 ( Aer washing with TBST, horseradish peroxidase-labeled secondary antibody (1:5000; Dako, Shanghai, China) was added and incubated for 1 hour at room temperature. Aer washing with TBST and incubating with ECL reagent, lm was used for signal development. ImageJ soware was used to scan the gray value of each band, with b-actin as the reference control. Each experiment was repeated 3 times.
Immunouorescence
The expression of STAT3 in HUVEC cells under different intervention conditions and the expression of VEGF and PEDF in the cornea under different intervention conditions were detected according to the methods described previously. 33 Primary antibodies used in cell experiments were the mouse anti human STAT3 antibody with a dilution ratio of 1 : 300, and the sheep anti mouse VEGF and PEDF antibodies, with dilution ratios of 1 : 100 and 1 : 200, respectively. The nucleus was stained with Hoechst 33342, and the samples were mounted with antiquenching agents. Images were acquired under a uorescence microscopy.
Statistical analysis
Images were processed with Image-Pro Plus 6 soware. SPSS 19 soware was used for statistical analysis. The comparison between the groups was conducted using the analysis of variance test. The inammatory index and the area and length of the corneal neovascularization were analyzed using ANOVA followed by Bonferroni post hoc comparison. The LSD-t test was used to determine differences between two groups, and all statistical tests were two-sided. p < 0.05 was statistically signicant.
Result
Rhamnazin inhibits the growth of the HUVEC cells in a dosedependent manner Fig. 1A is the structure of rhamnazin. The inhibitory effect of rhamnazin on HUVEC growth was tested by CCK-8 assay in eight treated groups with different concentrations (0, 0.1, 0.5, 1, 2, 5, 10 and 20 mM). The CCK-8 showed that the viability of HUVEC was signicantly inhibited when the concentration of rhamnazin was higher than 5 mM (Fig. 1D) . With the increase of rhamnazin concentration, the inhibition of the HUVEC growth was more obvious. The effective concentration of rhamnazin in the rats was 20 mM in our preliminary experiment, so the rhamnazin concentration used in following animal experiments was 20 mM.
Rhamnazin inhibits the cell migration and tube formation in HUVEC cells
To examine the role of rhamnazin in HUVEC cell migration, the HUVEC cells were treated with 1% BSA, 5 mM rhamnazin and 20 mM rhamnazin. The scratch healing process was observed at three time points (0 h, 12 h and 24 h) (Fig. 1B) . The woundclosure assay showed that the scratch healing rate of the 20 mM rhamnazin-treated group was signicantly lower than the 1% BSA-treated group and the 5 mM rhamnazin-treated group at 12 h and 24 h. The scratch healing rate of 5 mM rhamnazin at 12 h was obviously lower than the 1% BSA-treated group. The scratch of the 1% BSA-treated group and the 5 mM rhamnazintreated group were closed at 24 h, but the scratch of the 20 mM rhamnazin-treated group was still not healed. The migration rate of the 1% BSA treatment group and the 20 mM rhamnazin treatment group at 12 h were about 100% and 50%, respectively (Fig. 1C) .
HUVEC cells were treated with 1% BSA, 5 mM rhamnazin and 20 mM rhamnazin, and the ability of tube formation was assessed by an in vitro angiogenesis assay. 1 The result showed that the number of lumens formed by the 20 mM rhamnazintreated HUVEC cells was signicantly lower than that of the 1% BSA-and 5 mM rhamnazin-treated cells (Fig. 1E) . We also measured the tube network length of HUVEC cells treated by 20 mM rhamnazin, 5 mM rhamnazin and 1% BSA (Fig. 1F) . The results suggest that 20 mM rhamnazin blocked the tube formation compared with 1% BSA and 5 mM rhamnazin in HUVEC cells.
Metabolic condition of animal model
In the NaOH induced alkali-burned Sprague Dawley rats (60 males) model, 60 rats were divided into two treatment groups randomly: a PBS-treated group and a 20 mM rhamnazin-treated group ( Fig. 2A) (4 times/1 day) . We measured the body weight and eyeball weight of rats at 4, 7, 10 and 14 days (Fig. 2B and C) .
The results showed that there were no obvious differences between the PBS-treated group and the 20 mM rhamnazintreated group in body weight and eyeball weight.
Rhamnazin inhibited corneal neovascularization
Aer the alkali burn model was completed, we observed the corneal neovascularization of rats in the rhamnazin-treated group and the PBS-treated group. The rst day aer the alkali burn, corneal neovascularization began to form at the limbus. The number of corneal neovascularizations at the central and Each value represents the mean AE SD, compared with the control group. (E) The HUVEC cells were pre-treated with EBM2 medium for 12 h. Tube structure of HUVEC grown in the control group and rhamnazin group was accessed after 1% BSA, 5 mM rhamnazin and 20 mM rhamnazin were added in EBM2 medium for 6 h. (F) The tube network length rates were quantified by ImageJ. Data, and are presented as the mean AE SE. (n ¼ 3) *p < 0.05 vs. control group, determined by one-way ANOVA test.
limbus in the rhamnazin-treated group was obviously less than that of the PBS-treated group at D14 (Fig. 3A) . Histologic examination showed that treatment with PBS resulted in more neovascularization in the central corneal than treatment with rhamnazin at D14.
We also calculated the CNV area of the corneal at D0, D4, D7, D10 and D14. The CNV area in the PBS-treated group was signicantly higher than the rhamnazin-treated group at the same point in time. The CNV area in the PBS-treated group was much higher than that of the rhamnazin-treated group at D7 and D14 (Fig. 3C) . Over time, the CNV area of the PBS-treated group increased considerably, but the CNV area of the rhamnazin-treated group only showed subtle increase. The inammatory index of the PBS-treated group increased in D7 and D10, while the inammatory index decreased signicantly from D1 to D14 in the rhamnazin-treated group. The inam-matory index of the PBS group was higher than the rhamnazin group at the same point in time (Fig. 3B) .
Rhamnazin regulates the expression of VEGF and PEDF
IF detection of PEDF and VEGF expression was used to access the proangiogenic and antiangiogenic effects in the PBS group and the rhamnazin group at day 14 ( Fig. 4A and B) . VEGF staining in the rhamnazin group was infrequent, while the signal was obviously observed in the PBS group. PEDF staining was much higher in the rhamnazin group than the PBS group. We also evaluated the expression of VEGF and PEDF by western-blot ( Fig. 4C and D) . We found that VEGF protein levels in the PBS-treated group were higher than in the rhamnazin-treated group. Rhamnazin signicantly upregulated PEDF expression at D14. Though the mechanism of rhamnazin is still unclear, our study suggested that rhamnazin regulated the expression of VEGF and PEDF in the corneal alkali burn model, suggesting rhamnazin may play a direct role in the inhibition of neovascularization.
Rhamnazin inhibits VEGFR2/STAT3 signal pathway
In order to investigate the mechanism of inhibition of neovascularization of rhamnazin, we detected the expression level of VEGFR2-related signaling pathways in HUVEC cells (Fig. 5A) . HUVEC cells were cultured in the presence of VEGF. Western blot assay showed that the p-VEGFR2 protein content in HUVEC cells treated with 20 mM rhamnazin was obviously decreased compared with PBS treatment group and negative control group (Fig. 5B) . To understand the signaling cascade initiated by VEGFR2, we also assessed the expression of p-STAT3, p-MAPK and p-Akt (Fig. 5A and C-F) . Rhamnazin down-regulated the expression of p-STAT3 in VEGF-treated HUVEC cells. We also found that p-MAPK was robustly decreased in rhamnazin-treated HUVEC cells. The expression of p-Akt was signicantly down-regulated by rhamnazin in VEGF cultured HUVEC cells. These data suggested that the down-regulation of the VEGFR2/STAT3/MAPK/Akt signal pathway by rhamnazin plays an important role in inhibiting angiogenesis in HUVEC cells (Fig. 6) .
Subcellular localization of STAT3 activity is closely related to its activity, so the immunouorescence and confocal imaging were used to access subcellular localization of STAT3 in VEGFtreated cultured HUVEC cells (Fig. 5B) . In the VEGF group, the uorescence intensity of the STAT3 in HUVEC cell nuclei was much stronger than the VEGF + rhamnazin group. The nuclear transcription level of STAT3 in the VEGF + rhamnazin group was signicantly less than the VEGF group. These results showed that rhamnazin inhibited angiogenesis by regulating the STAT3-dependent signaling pathway.
Discussion
Ocular alkali burn is one of the most difficult emergencies in ophthalmology. The study of its treatment has been the focus and difficulty of ophthalmology. Ocular alkali burn results in the damage of ocular surface tissue, which can lead to epithelial necrosis, exfoliation, corneal perforation, corneal neovascularization, and so on. 9, 29, 31 Controlling the inammation, stabilizing the ocular surface, and inhibiting corneal neovascularization are key to the recovery of visual acuity in patients with corneal alkali burn. 10, 28 Neovascularization is the result of imbalance between factors that inhibit and promote angiogenesis aer corneal injury. 11, 30 With the further development of neovascularization, it has been shown that VEGF plays a key role in neovascularization. 12 The study of the mechanism of corneal neovascularization and the drugs to inhibit angiogenesis are of great signicance for the treatment of corneal neovascularization.
In this experiment, corneal alkali burn model is a representative model of ocular neovascularization and inammatory diseases. It can lead to corneal ulceration, severe keratitis, corneal neovascularization, and formation of corneal scars. Therefore, it is widely used to study the mechanism and treatment of corneal inammation and angiogenesis. In recent years, it has been discovered that rhamnazin has a series of pharmacological properties, including antioxidation and antitumor functions, but its mechanism of anti-angiogenesis has not been clearly explained. [4] [5] [6] In the present study, we used the animal model to investigate the effects of rhamnazin on keratitis and neovascularization. For this reason, we treated corneas of alkali burn rats with 20 mM rhamnazin. The results showed that the index of corneal inammation and the area of neovascularization in the rhamnazin-treated group were smaller than those in the PBS group. The ndings suggested that rhamnazin indeed inhibits corneal neovascularization, reduces corneal inammation and promotes corneal epithelial repair. In vitro experimental results showed that rhamnazin can not only inhibit the proliferation of HUVEC cells, but also suppress HUVEC cell migration and tube formation. Therefore, we have shown that rhamnazin can inhibit the formation of corneal neovascularization both in vitro and in vivo.
Rhamnazin can inhibit corneal neovascularization, but its specic mechanism has not been elucidated. Studies have pointed out that the mechanism of anti-angiogenesis by rhamnazin is mainly through the vascular endothelial growth factor receptor (VEGFR).
6 Vascular endothelial cell growth factor receptor (VEGFR) belongs to tyrosine kinase family proteins. There are four VEGF receptors: VEGFR-1 (Flt-1), VEGFR-2 (Flk-1/ KDR), VEGFR-3 (Flt-4) and VEGFR (neuropilin-1).
13,14 VEGFR-1 and VEGFR-2 are mainly expressed in vascular endothelial cells, whereas VEGFR-3 is mainly expressed in lymphocytes.
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Aer the invasion of new blood vessels, at least six different angiogenic-related growth factors are secreted, among which VEGF is the most important angiogenic factor. 16 The specic effects of VEGF on vascular endothelial cells are achieved by two types of receptor tyrosine kinase (RTK) regulatory families, VEGFR1 and VEGFR2. 17 Sugimachi K. and other studies have found that the expression rate of VEGFR2 in tumor regions is 100%, and the expression of VEGFR1 is not different from normal cells, which further proves that VEGFR2 is closely related to neovascularization.
18 Recent studies have shown that when Notch or VEGFR3 is absent, a small amount of VEGFR2 can also form inammatory neovascularization, while VEGFR2 alone/combined with VEGFR3 upregulates endothelial cell 
DLL4 and promotes neovascularization.
19 Fengyun Dong found that DHA can downregulate the expression of VEGFR2 cells to inhibit the proliferation and migration of HUVECs. 20 In order to investigate whether rhamnazin inhibits corneal neovascularization through VEGF and its receptor VEGFR2, expression levels of VEGF and VEGFR2 were detected by western-blot. The results showed that the expression levels of VEGF and p-VEGFR2 in the cornea of the PBS-treated group were signicantly higher than that in the rhamnazin treatment group, and the expression level of the two proteins decreased signicantly in the rhamnazin treatment group. We also demonstrated by immunouorescence that the expression of VEGF in the cornea was lower in the rhamnazin-treated group than in the PBS group. These results conrm our hypothesis that rhamnazin inhibits corneal neovascularization by downregulating the expression of VEGF and its receptor VEGFR2.
The development of new blood vessels is mediated by a complex array of cellular and molecular factors. VEGF and PEDF play important roles in the development of new blood vessels. PEDF is an effective endogenous anti-angiogenic factor, highly expressed in the cornea. Studies have shown that the exogenous expression of PEDF inhibitors in corneal stroma leads to corneal neovascularization. 21 However, VEGF plays an important role in promoting angiogenesis and promoting the development of inammation. Studies have shown that the expression of VEGF in vascular endothelial cells is signicantly higher in inammatory and neovascularization corneas. Therefore, breaking the balance between VEGF and PEDF may be the pathological mechanism of the development of corneal neovascularization. 23 In our study, the expression of VEGF in the alkali burned cornea was signicantly increased and the expression of PEDF was signicantly decreased compared to the PBS control group. However, in the 20 mM rhamnazin treatment group, the expression of VEGF in the corneal tissue of the alkali burned rats was signicantly downregulated, while the expression of PEDF was signicantly up-regulated. Thus, rhamnazin reestablished the balance between the VEGF and PEDF, thereby inhibiting the formation of new blood vessels caused by alkali burn.
VEGFR2 can efficiently activate multiple downstream signaling components, including mitogen activated protein kinase (MAPK), phosphorylation of serine/threonine kinase (Akt), signal transducer and activator of transcription factor 3 (STAT3), therefore promoting the growth of tumors and vascular endothelial cell proliferation, migration and tube formation. [24] [25] [26] Previous studies have shown that inammation is closely related to angiogenesis and lymphangiogenesis. VEGFR2 controls angiogenesis and lymphangiogenesis, and mediates multiple cell signaling pathways involved in inammatory reaction. X. Zhang showed that the indirubin can inhibit the JAK/STAT3 signal pathway in VEGFR2 mediated tumor vascular inammation model, by inhibiting the migration and the formation of vascular endothelial cells and the release of inammatory mediators.
27 Therefore, we hypothesized whether rhamnazin can inhibit the neovascularization by regulating the downstream factors associated with VEGFR2. To conrm this hypothesis, we examined the expression levels of VEGFR2, STAT3, MAPK, and Akt in VEGF-treated HUVEC cells under different intervention conditions. The results showed that the protein expression levels of p-VEGFR2, p-STAT3, p-MAPK and p-Akt in the rhamnazin treatment group were signicantly lower than those in the control group. Immunouorescence showed reduced levels of STAT3 in the nucleus of VEGF-treated HUVEC cells in the rhamnazin group. These results conrmed that the mechanism of inhibition of neovascularization by rhamnazin is through the inhibition of VEGFR2 and its downstream STAT3/MAPK/Akt signaling pathway.
Overall, this study demonstrated that local administration of rhamnazin could inhibit inammation and neovascularization aer alkaline burn. Its anti-inammatory and anti-angiogenesis effects are achieved by regulating the STAT3/ MAPK/Akt signaling pathway via VEGFR2 protein. Therefore, rhamnazin is a potential drug for the treatment of keratitis and neovascularization.
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